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The noble-alkali comagnetometer, developed in recent years, has been shown to be a very accurate
measuring device of anomalous magnetic-like fields. An ultra-light relic axion-like particle can source
an anomalous field that permeates space, allowing for its detection by comagnetometers. Here we
derive new constraints on relic axion-like particles interaction with neutrons and electrons from
old comagnetometer data. We show that the decade-old experimental data place the most stringent
terrestrial constraints to date on ultra-light axion-like particles coupled to neutrons. The constraints
are comparable to those from stellar cooling, providing a complementary probe. Future planned
improvements of comagnetometer measurements through altered geometry, constituent content and
data analysis techniques could enhance the sensitivity to axion-like relics coupled to nucleons or
electrons by many orders of magnitude.
I. INTRODUCTION
Observations suggest that roughly 85% of the matter
content in our universe is in the form of Dark Matter
(DM) [1–5]. A particularly interesting class of models
that may play the role of DM are known as Axion Like
Particles (ALPs). Originally postulated in Refs. [6–8],
the axion is a pseudo-Goldstone boson which addresses
the strong CP Problem [9–13]. ALPs, the generalization
of the axion, have similar interactions but need not ad-
dress the strong CP problem. Many such scenarios have
been studied in the literature (see e.g. Refs. [14–25])
and, depending on the cosmological history, both axions
and ALPs may be dark matter in some regions of their
parameter space [26, 27].
Experiments that search for ALPs utilize their cou-
pling to photons [28–31], gluons [32], electrons [33–38],
and protons or neutrons [39, 40]. In this paper we focus
on ALP couplings to electrons and neutrons, re-analyzing
decade-old published data from Refs. [40–42] to search for
ALPs as an anomalous magnetic-like field that interacts
with the spins of the nuclei of a helium sample, or the
electrons of a potassium vapor sample.
Our limits utilize an experimental device called a
helium-potassium (3He-K) comagnetometer [40–47]. The
comagnetometer is sensitive to the difference between
the magnetic fields measured by two strongly interacting
magnetometers. The first measures the magnetic field via
the spin of helium-3 atoms, which is dominated by the
spin of their neutrons. The second magnetometer is sensi-
tive to the spin of potassium atoms, which are dominated
by the spin of their outermost electron. The comagne-
tometer resonantly couples the two magnetometers, and
the result is a device that is sensitive to low-frequency,
∼< O(100) Hz, spin-dependent interactions that couple
differently to neutrons and electrons.
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The basic idea is as follows. The sensitivity of the
comagnetometer is optimized at the so-called ‘compen-
sation point’. There, the response of the helium spins is
tuned such that they cancel the effect of magnetic fields
on the alkali (potassium) spins, making the alkali mag-
netometer insensitive to regular magnetic fields. Anoma-
lous magnetic fields—which couple differently to neu-
trons and electrons compared to regular magnetic fields—
would not be canceled by the helium gas, and will have
a measurable effect on the alkali. For an ALP, the ratio
of its coupling to neutrons, gaNN , to its coupling to elec-
trons, gaee, should generically differ from the neutron to
electron gyromagnetic ratio, and so the comagnetometer
is a sensitive instrument for detecting the new magnetic-
like fields that an ultra-light ALP would induce.
As a result, the 3He-K comagnetometer can be used as
a tool to measure the interactions of ALPs with neutrons
and electrons. As we will show, this setup enhances the
signal from ALP-neutron coupling compared to that of
the ALP-electron coupling, yielding moderate sensitivity
to the latter and excellent sensitivity to the former. The
bounds we recast from the published data of Refs. [40–
42] place the strongest terrestrial constraints on the cou-
pling of ALPs to neutrons over a broad range of masses,
comparable and complementary to known astrophysical
bounds.
We note that Ref. [48] suggested doing an analysis such
as the one presented in this paper, and Ref. [49] has
implemented the analysis for the case where the ALP’s
inverse-mass is much larger than the total measurement
time, placing limits for ma . 2× 10−22 eV. Our analysis
lays out the machinery (distinct from that presented in
Ref. [49]) needed to explore higher masses, extending the
limits up to ma ∼< 4× 10−13 eV. We further discuss the
near-future prospects of these experiments.
This paper is organized as followed. We begin in Sec-
tion II by describing the comagnetometer and its basic
principle of operation. Section III describes the dynam-
ical equations of the comagnetometer. We discuss how
the comagnetometer can be used to detect relic ALPs in
Section. IV. The data we use is presented in Sections V,
followed by our new derived limits in Section VI. We
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2end by outlining possible improvements for future ex-
periments in Section VII followed by a summary. The
many appendices expand on the calculations and deriva-
tions performed throughout the paper. In Appendix A
we give a more complete derivation of the steady state
solution of the comagnetometer. Appendix B expands
on the dynamical response of the system, and its steady
state response to an oscillating signal. Appendix C de-
scribes how the direction of the ALP wind affects the
signal, and how we treated it in our analysis while Ap-
pendix D presents the treatment to the finite coherence
time of the ALPs. Appendix E discusses two effects re-
lated to the nuclear spin structure, justifying choices we
make in our analysis. Finally, Appendix F unites the re-
sults of all previous appendices and provides an explicit
derivation of the 95% C.L. bounds, accounting for the
effects of noise.
II. THE 3HE-K COMAGNETOMETER
The concept of the helium-potassium comagnetometer
was originally proposed in Ref. [47] and further developed
in Refs. [40–42]. Below, we briefly describe the principles
of its operation (for further, details see Appendices A
and B).
The 3He-K comagnetometer is depicted in Fig. 1. It
is a hybrid of two magnetometers that occupy the same
space and interact with each other. The setup typically
includes a spherical glass cell containing potassium (K)
vapor and a highly pressurized helium-3 gas (3He). The
glass cell is illuminated by two laser beams, referred to as
the ‘pump’ and ‘probe’. The pump beam is used to ini-
tialize the comagnetometer by polarizing the potassium
atoms to its direction, while the probe measures the spin
of the potassium atoms. The glass cell is surrounded
by magnetic coils, which are themselves surrounded by
magnetic shields, so that the magnetic field inside the
cell remains under control to a high degree. The density
of the potassium vapor is determined by the temperature
of the cell, which is controlled using an oven.
The alkaline K magnetometer. The spins of the
potassium magnetometer are initialized to a certain di-
rection, zˆ, via the pump beam. Further stabilization of
the polarization in this direction is achieved through the
placement of a magnetic field aligned in the zˆ-direction.
Such a magnetic field has two crucial additional roles to
be discussed below: (i) it is used for mitigating magnetic
noises in the 3He system and (ii) by tuning this field to
a specific value one may strongly couple the two magne-
tometers to one another. A weak transverse magnetic or
anomalous field, that changes slower than the decay rate
of the alkali’s transverse polarization (induced mostly by
the pump), adiabatically tilts the spins and induces a
measurable change in the direction of the alkali’s polar-
ization. Since the alkali would only partially be able to
follow fields that change too fast, its sensitivity is reduced
when the typical time scale for changes in the magnetic
fields is shorter than the inverse decay rate. The probe
beam measures the projection of this polarization along
its direction, while minimally affecting the alkali spins.
The resulting magnetometer is sensitive to fields perpen-
dicular to both the pump and the probe beams.1
Dynamics of helium-3 atoms. Helium-3 is a spin-
1
2 atom with its two electrons in the singlet state. Con-
sequently, its spin originates entirely from the nucleus.
Using the pump and probe beams at wavelength 770 nm,
they have practically no interactions with the nuclear en-
ergy levels associated with the helium-3 spins.
The helium-3 dynamics benefit from two important
effects that stem from their spin-conserving collisions
with the alkali metal. First, these collisions polarize
the helium-3 gas, operating as an effective pumping force
that generates a macroscopic helium-3 magnetization and
acts to (slowly) decay any spin component that is not
aligned with the alkali polarization along the zˆ direction.
Second, the collisions induce mutual effective magnetic
fields. The magnetic field induced by the alkali is signif-
icantly smaller than the external magnetic field in the zˆ
direction, however it plays a crucial role for the dynam-
ics of the helium-3 spins in the transverse directions, as
discussed below.
The primary goal is to measure an anomalous field
transverse to the zˆ direction, which oscillates slowly
in time (much like an ultra-light axion). To do so,
timescales play an important role. For simplicity, it is
easier to think of the anomalous field as though it only
interacts with either electrons or neutrons, and corre-
spondingly affects only the potassium or the helium. As
mentioned above, the response of the alkali is damped
when the field oscillates much faster than the alkali’s de-
cay rate. In a generic situation, the helium-3 decay rate
is small, or equivalently, the lifetime of its transverse nu-
clear spin excitations is very long. Consequently, if an
anomalous field interacting only with neutrons is oscil-
lating much faster than the lifetime, its oscillations will
effectively average out before helium-3 spins have time to
follow it by decaying to the direction of the net-magnetic
field. To solve this problem (as well as to probe the
helium-3 spin), the system must be brought into a res-
onance, which significantly shortens the transverse life-
time of the helium-3 spin. We now discuss the method
to achieve this.
Interactions of the two magnetometers. With
the two magnetometers placed in the same glass-cell, the
system exhibits two modes, one that is mostly aligned
with the short-lived alkali metal, and the other much
longer-lived mode that is mostly aligned with the spin
1 By using two probe beams, one could in principle measure the
magnetic fields in the complete plane perpendicular to the pump.
While this idea is not implemented in the experiments that we
analyze in this work, the comagnetometer of Ref. [42] was rotated
every few seconds to achieve sensitivity to two directions in a
similar manner.
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FIG. 1. Center: Schematic illustration of the principles of operation of the comagnetometer, including the pump laser, probe
laser, polarization measurement, glass cell, K droplet (indicated by the silver sphere), K atoms and 3He atoms. The pump laser
in the zˆ direction polarizes the K atoms, which themselves polarize the 3He to the zˆ direction. Measuring the outgoing probe
laser beam’s polarization allows one to measure the xˆ projection of the alkali spin. In this illustration an anomalous field ~bn
is present (e.g. sourced by an ALP) along the yˆ direction and affects only the 3He atoms. Side panels: 3-dimensional axes
depicting the spins of the 3He (left) and K (right) and the different fields (anomalous as well as magnetic). ~BK−3He ( ~B3He−K)
is the magnetic field the K (3He) spins induce on the 3He (K) atoms. Both atoms are in the presence of an external magnetic
field ~Bext, which has a small deviation from the large, controlled zˆ magnetic field due to magnetic noise, here assumed in the
xˆ axis. The overall magnetization of the K (3He) are depicted by the dotted vectors and marked as −λ ~MK (−λ ~M3He). The
tuning of the zˆ component of ~Bext to what is called the compensation point, ensures that the effect of the
3He’s magnetization
on the K spins, ~B3He, has a projection in the xˆ axis which exactly cancels the effects of ~Bext on K. The rotation induced by ~bn
on the 3He induces transverse polarization in the perpendicular direction on the K spin. This implies the comagnetometer has
sensitivity to anomalous fields, while it is insensitive to regular magnetic noise. See main text for further details.
of the noble gas. The interactions between the two gases
induce an effective coupling that triggers both the pump-
ing effect in the helium-3 and mutual effective magnetic
fields.2
The mixing, however, is a priori insufficient to signifi-
cantly affect the lifetime of the helium-3 (of order a few
hours; see RHe in table I), unless the two modes are in
resonance. Since the pump and external magnetic field
are both aligned with the zˆ direction, the noise in the
pumping rate and in the Bz amplitude would dominate
over any new anomalous field in the zˆ direction. There-
fore, sensitive measurements cannot be implemented in
the zˆ direction, and one only measures the transverse
spins.
2 Note that the effective pumping of the alkali due to the presence
of the helium is negligible compared to the direct pumping from
the pump beam. Conversely, the source of the helium polariza-
tion is non other than the pumping achieved by the presence of
the alkali.
By tuning the magnetic field in the zˆ direction, one can
tune the energy splitting due to zˆ magnetic fields in the
two spin species to be identical, putting the two magne-
tometers in resonance. At this point, the two previously
separable magnetometers become mixed—allowing sen-
sitivity to the nuclear spins through the measurement of
the alkali spins. Moreover, the lifetimes become similar,
and in particular, the effective lifetime of the helium-3
is reduced by orders of magnitude compared to the non-
resonant mode, of order ∼ 100 msec.
A very important effect happens close to the resonance
regime, which significantly enhances the comagnetometer
sensitivity. Under steady state conditions, the nuclear
polarization of the helium-3 can be made to follow exter-
nal magnetic fields, thus canceling the net magnetic fields
felt by the alkali (in the transverse directions). This spe-
cific choice of magnetic field is called the compensation
point. It is usually O(1%) away from the resonance point,
thus reaping most of the sought-after benefits of the lat-
ter point as well. At the compensation point, the alkali
4spins—which interact with the total external and nuclear
magnetic fields—feel a vanishing overall magnetic force.
Consequently, the comagnetometer cancels out regular
magnetic fields, leaving excellent sensitivity to anoma-
lous ones.
We can now expand on the schematic depiction of the
comagnetometer of Fig. 1. In the center panel, the large
circle represents the glass cell which houses a pressured
3He gas, as well as a liquid silvery droplet that generates
a vapor of K atoms. The probe laser passes through the
glass cell, and its linear polarization is modified by the
alkali spins, allowing for the projection of the potassium
spin along the direction of the probe beam propagation
(≡ xˆ) to be measured. The pump laser is circularly po-
larized and interacts with the alkali atoms, giving them
a macroscopic polarization in the direction of the pump
beam propagation (≡ zˆ). This macroscopic polarization
is passed (to some degree) to the 3He atoms, giving them
a macroscopic magnetization in the pump beam’s direc-
tion (zˆ) as well. The left drawing of vectors represents the
fields operating on the 3He atoms, with bn the anomalous
field interacting with the neutrons, BK−3He the magnetic
field the alkali induces on the 3He, and Bext the exter-
nal magnetic field. Note that Bext is not precisely along
the zˆ direction due to possible experimental noise. We
have chosen to depict only bn (and not be as well), in
order to simplify the illustration. The right drawing of
vectors represents the fields operating on the K atoms,
with B3He−3K the magnetic field the 3He atoms induce
on the K atoms. λ ~MK = ~BK−3He (= 2λµKSK in later
equations) and λ ~M3He = ~B3He−K(= 2λµHeSHe in later
equations) represent the effective magnetization of the
alkali as felt by the noble gas and of the noble gas as felt
by the alkali, respectively. Note that the vector −λ ~MK
(−λ ~M3He) is proportional to the direction of the spins of
the K (3He) atoms with a positive proportionality scale.
−λ ~MK (−λ ~M3He) therefore is not a field that is felt by
K (3He) spins, rather it is the direction of the K (3He)
spins.
The compensation point is illustrated in Fig. 1 by the
3-dimensional axes showing (λ ~MK + ~Bext) · xˆ = 0, since
the noble gas exactly cancels the transverse component
of the external magnetic field (which in Fig. 1 is directed
along the xˆ axis). On the other hand, the yˆ projection
of noble spins is non-vanishing and proportional to the
nuclear anomalous field (which in Fig. 1 is along the yˆ
axis). As a consequence, the yˆ anomalous field induces,
through the nuclear spins, a measurable tilt in the alkali
spins along the xˆ axis.
III. DYNAMICAL EQUATIONS
Much of the dynamics of the comagnetometers de-
scribed above can be captured by the coupled time-
evolution equations for the helium-3 nuclear spin vector,
SHe, and the alkali spin vector, SK (for further details
Variable Ref. [40] Ref.[41] Ref.[42]
γe −18 kHz/mG
γn −18 Hz/mG
γHe −20 Hz/mG
q 5.2 5.0 5.2
Re 330 Hz 400 Hz 350 Hz
RHe 24 µHz 1000 µHz 200 µHz
Rpu 170 Hz 180 Hz 170 Hz
Reffpu 1.8 µHz 15 µHz 4 µHz
SzK 0.25 0.27 0.25
SzHe 0.017 0.0046 0.01
Bc 5.3 mG 1.6 mG 2.6 mG
2λµK −0.028 mG −0.02 mG −0.056 mG
2λµHe −310 mG −340 mG −260 mG
TABLE I. Values of important constants in Eqs. (1)-(2) (to
two digits precision) from Refs. [40–42]. As in Ref. [41], we
use directly measured values for observables, when available.
see Appendix A):
S˙K =
γe
q
(
B+
be
γe
+ 2λµHeSHe
)
× SK
−1
q
ReSK +
1
2q
Rpuspu , (1)
S˙He = γHe(B+
bn
γn
+ 2λµKSK)× SHe
−RHeSHe +Reffpu(SK − SHe) . (2)
The typical sizes for the different variables are shown in
Table I. The first line in each of the equations describes
the action of the effective total field on the corresponding
spins. Here B is the total external magnetic field, namely
the controlled magnetic field in the zˆ direction, together
with any magnetic noise penetrating the magnetic shield-
ing or generated by thermal noise in the shield. bn (be)
is an anomalous field3 that interacts with the neutrons
(electrons). µK and µHe are the spin-normalized alkali
and noble gas magnetizations respectively, while the fac-
tor λ ' 50 is related to the cross section of a nuclear-alkali
collision, and depends upon the overlap of the alkali and
nuclear wave-functions during a collision4. Under typical
conditions, |µKSK|  |µHeSHe|. γe (γn) is the gyromag-
netic ratio of a free electron (neutron), while q is called
the ‘slowing down factor’ that arises from integrating over
the spin-3/2 degrees of freedom of the potassium nucleus,
and is a dimensionless constant of orderO(4−6), depend-
ing on the precise experimental setup. Finally, γHe is the
3He gyromagnetic ratio.
3 Note that our definition of bn (be) differs from that of Refs. [40–
42] by a factor of γn (γe).
4 In a general cell geometry, an additional classical magnetic
dipole-dipole term exists that modifies this λ, however such a
term averages to zero in a spherical cell. See Ref. [50] for more
details.
5The decays of the spins are described by the first term
of the second line in each of the equations. Re and RHe
are the decay rates of the electron and 3He spins respec-
tively. Finally the effect of the external pump for the
alkali and the effective pump due to the spin-exchange
interactions for the helium-3 are described by the last
terms. spu is the spin of the circularly polarized pump
beam, spu = zˆ, while Rpu and R
eff
pu are the external and
effective pumping rates respectively. As can be seen, the
effective pump drives the helium-3 spin to align with that
of the alkali. Note that the probe beam—which can be
thought of as the ability to measure the alkali’s spin pro-
jection on the direction of the probe’s propagation—does
not appear in the above equations, as it has negligible ef-
fect on the dynamics of the potassium spins and none at
all on the 3He atoms.
The system can be understood in a simple man-
ner under the assumption of a steady-state equilibrium,
S˙K,He = 0. The pumping terms dominate the steady
state solution of the zˆ projections, greatly impairing the
sensitivity to all fields in that direction. Conversely, sig-
nificant sensitivity can be achieved in the perpendicular
directions when in the so-called compensation point. As
we show in Appendix A, in the absence of an anomalous
field, be,n = 0, the transverse spin polarization of the
alkali gas can be made to vanish (even for finite B⊥),
S⊥K = 0, by tuning the zˆ component of the external mag-
netic field to be
Bz = Bc ≡ −2λ (µHeSzHe + µKSzK) , (3)
where Bc is the compensation point of the magnetic field.
Correspondingly, one often defines the compensation fre-
quency, given by ωc ≡ γHeBc, which is usually the typical
time-scale that characterizes the compensation point. At
this point, the alkali gas feels no (non-anomalous) exter-
nal magnetic fields in the perpendicular direction. We
stress that this ability to cancel external magnetic fields
is achieved by only tuning the controlled magnetic field
along the zˆ direction, allowing to cancel any additional
noise in the system. As a consequence of the compen-
sation point, the sensitivity to anomalous fields acting
on the neutrons is maximized and is found to be (see
Appendix A).
S⊥K = −
1
Re
(
γe
γn
b⊥n − b⊥e
)
× (SzKzˆ). (4)
The above shows an enhanced sensitivity to b⊥n due to
the large numerical coefficient, γe/γn ' O(1000). The
compensation point occurs within the resonance regime
where the decay rate of the helium-3 is highly enhanced.
IV. MEASURING ALPS WITH THE
COMAGNETOMETER
Having established the basic concept of comagnetome-
ters, we move to discuss their sensitivity to new physics.
In particular, we focus on the ALP Langrangian terms,
L = −gaNN∂µaN¯γ5γµN − gaee∂µae¯γ5γµe , (5)
where a, N and e are the ALP, neutron and electron
fields, respectively while gaNN and gaee are the ALP-
neutron and ALP-electron couplings.
The non-relativistic limit of the above results with
spin-dependent interactions that are analogous to the in-
teractions of magnetic fields and spins in the SM. In anal-
ogy to magnetic fields, we define an ALP-induced field b,
which couples to the alkali’s spin (dominated by its elec-
tronic configuration) and the helium-3 spin (governed by
the spin of its neutron) with the following Hamiltonian:
H =
gaee
q
b · SK + γHe
γn
gaNNb · SHe . (6)
As mentioned previously, such a field is called anoma-
lous if the ratio of the above couplings gaee/gaNN does
not match that in the Standard Model (SM), γe/γn. Mi-
croscopically this is the case for any force mediator that
couples differently to electrons and neutrons. (For this
reason, comagnetometers are not sensitive to relic dark
photons, which would couple with the same ratio as the
SM photon.)
As described above, comagnetometers are excellent
detectors of such anomalous fields, with best sensitiv-
ity demonstrated for anomalous couplings to nucleons.
Refs. [41, 42] performed a thorough search, with the
results mostly interpreted in the context of anomalous
fields sourced by Lorentz violation, thereby considering
only time-independent anomalous fields, bn ≡ gaNNb.
In this work, we show that the same data can be used
to place constraints on anomalous fields that are sourced
by the presence of relic ALPs that induce an effective
time-dependent bn, oscillating at a frequency related to
their mass, ma. Bounds can similarly be placed for ALP-
electron anomalous fields, be ≡ gaeeb, though these are
somewhat weaker.
When a spin-1/2 neutron, N , is in the presence of a
coherent ALP field, a, assuming both are non-relativistic,
the Hamiltonian of their interaction is given by [32, 51]
HaNN = gaNN
√
2ρa · cos(Eat) (v · σN ) . (7)
where ρa is the energy density of the ALPs at the vicinity
of the neutron. σN is the spin of the neutron, and Ea is
the energy of the ALP, which for a non-relativistic par-
ticle is roughly its mass, Ea ' ma. The relative velocity
between the neutron and the ALP field is v, and for DM
ALPs we have |v| ∼ 10−3 in natural units. The Hamilto-
nian of the interaction between an ALP and electrons is
similar, with the replacements gaNN → gaee, σN → σe.5
As is evident, relic ALPs would act as an anomalous field:
5 One might wonder whether the wavefunctions of the bounded
neutron or electron could introduce non-trivial effects, such as
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FIG. 2. The spectral noise density as a function of the
angular frequency collected from three experiments and used
to derive the limits in this work. Dataset I (purple) is taken
from Figure 5.3 of Ref. [40], dataset II (blue) is taken from
Figure 4.17 of Ref. [41], and dataset III (orange and green) are
taken from Figure 5.11 of Ref. [42]. Note that we present the
data as a function of the angular frequency ω = 2pif , instead
of as a function of frequency itself f .
they couple to the spin of the particles with an oscillating
strength, and an effective anomalous field,
bn = gaNN
√
2ρa cos(Eat)v , (8)
with a corresponding equation for electrons.
V. DATA
In this work we analyze existing data and show how it
can be used to place new bounds on ALP couplings. The
data comes from three experiments, each measuring the
spins of potassium atoms in a 3He-K comagnetometer for
a period of several days. The data, reproduced in Fig. 2,
is given in the form of the magnetic field spectral noise
density,
A(ω) =
1
γn
√
ttot/(2pi)
∣∣∣∣∫ ttot
0
dt (bn · σˆ) eiωt
∣∣∣∣ . (9)
Here A(ω) is the amplitude of the signal in units of mag-
netic field per square root bandwidth (where bandwidth
is measured in frequency units), ω is the frequency at
which the signal is measured, ttot is the total measure-
ment time, σˆ is the direction for which the measurement
is sensitive, and bn is the neutron anomalous field.
The details of the three data sets we use are as follows:
modifying the relative velocity by order ∼ αEM . However, as
the ALP field is nearly constant over the size of an atom in the
mass range we consider, when integrating over the hamiltonian
density to reach the interaction Hamiltonian, such effects are
averaged out.
1. Dataset I: Vasilakis et al., Ref. [40], performed a
search for a long-range spin-dependent interactions
using a comagnetometer, over a total integration
time of 36.2 days. In this experiment, relic ALPs
would appear as a background field, and thus the
noise spectrum they provide can be used to con-
strain such a relic.
The available data, which is depicted by the purple
curve of Fig. 2, presents the measured noise spec-
trum for the entire experiment, for frequencies in
the range of 0.06 Hz . ω . 400 Hz. The data
above 315 Hz is filtered and therefore cannot be
used to derive bounds.
The experiment was split into 7 separate runs,
each testing different configurations which affect
the long-range spin-dependent interaction search,
but do not affect the sensitivity to relic ALPs.
However, since the different measurements have
been summed incoherently, the effective measure-
ment time roughly equals that of the longest run,
8.2 days. A more accurate treatment is described in
Appendices D and F. Throughout the experiment,
the sensitive direction of the comagnetometer was
aligned with the radial direction of the earth. This
dataset will be used to derive new limits on ALP-
neutron and ALP-electron couplings for masses in
the range 5× 10−17 eV ∼< ma ∼< 2× 10−13 eV.
2. Dataset II: The second dataset was presented by
Kornack et al. in Ref. [41] and is available only for
a measurement period of 6 days, for frequencies 3×
10−6 Hz . ω . 600 Hz. Throughout, the sensitive
direction of the comagnetometer was aligned with
the radial direction of the earth.
The data is presented by the blue curve of Fig. 2.
This dataset is the oldest of those we use and is
noisier over most of its covered frequencies. Ad-
ditionally, its resolution over the frequency range
which is uncovered by other measurements is too
poor to detect daily modulation, which—combined
with its single measurement source—further sup-
presses its reach (see Appendix F for further de-
tails). This data is used to cast new bounds in
mass regions not covered by the other datasets,
for 3 × 10−18 eV ∼< ma ∼< 4 × 10−17 eV and
2 × 10−13 eV ∼< ma ∼< 4 × 10−13 eV. (While this
dataset could be used to cast limits on arbitrarily
low ALP masses, it is non-competitive with results
derived from dataset III below and so we do not
pursue this further.)
3. Dataset III: The third dataset was presented by
Brown et al. in Ref. [42] and is available only for
their longest uninterrupted measurement, which
lasted 21.81 days out of 143 days of total run time.
Every 7− 10 seconds, the sensitive direction of the
comagnetometer was rotated by 90◦. The sensitive
7directions of the available measurement in this case
are therefore both north-south and east-west.
The measured noise spectral density is depicted
by the green (sensitive directions east-west) and
red (sensitive directions north-south) curves of
Fig. 2. The data spans the frequency range of
6 × 10−6 Hz . ω . 5 × 10−3 Hz. This data
will be used to cast limits on ALPs with masses
ma ∼< 3× 10−18 eV.
VI. ANALYSIS AND RESULTS
We now describe our analysis method for obtaining
new constraints on the ALP parameter space using the
comagnetometer measurements described above, and the
resuls derived from the existing data. While there is no
commonly accepted model for the ALP DM density and
velocity distribution (see Ref. [52] for several models),
here we assume the ALPs to comprise all of the DM with
a uniform density of ρDM = 0.4 GeV cm
−3 and velocity
|v| = 230 km/sec.
Following Eq. (7), the ALP-induced anomalous field
is in the direction of the ALP velocity and linearly de-
pendent on its size. Since the experimental sensitivity
depends on the direction of the anomalous field, in our
analysis we assume an unknown single direction for the
ALP velocity and average over all directions to obtain
an estimate of the bound. The averaging must take into
account the daily modulation due to the earth rotation,
which is encoded in σˆ of Eq. (7). The data of Ref. [42]
is the only one sensitive to this effect, and therefore re-
quires a careful treatment. The details of our averaging
procedure and daily modulation treatment are given in
Appendix C, and their application to the Ref. [42] dataset
is described in Appendix F.
In the limit ma → 0, the signal can be constrained
from the signal at the sidereal day frequency, ω = ΩSD '
2pi/ day. ALPs in this limit can be thought of as a source
to the original anomalous daily modulated field searched
for in Refs. [41, 42]. Indeed, the bound calculated by
Ref. [49] assumes this. Independently of the data in
Fig. 2, Ref. [42] presents their final values for a constant
anomalous field, |b⊥n | < 3.7 × 10−9 GeV−1 at 68% C.L.,
corresponding at 95% C.L. to |b⊥n | < 5.5× 10−9 GeV−1.
Due to a long break in the middle of data-taking, the
experiment was spanned over a period of 270 days, so
that for masses of ma < 2pi/(270 days) ' 1.8×10−22 eV,
the anomalous field would appear as constant through-
out the experiment of Ref. [42] (up to the effect of the
daily modulation), and the result above can be used.
Non-relativistic ALPs are coherent over a period of
tcohere .
2pi
mav2
' 8.13 days
(
10−14 eV
ma
)
. (10)
The longest run collected in Ref. [40] is of order 8 days.
Therefore for masses above & 10−14 eV the ALP signal
is incoherent and data must be treated as such. Fur-
ther complications arise from the fact that different runs
must be summed incoherently and only the average over
all runs is presented in the available data. In practice, we
assume the different measurements had the same signal
spectral density, and we sum incoherently over the differ-
ent measurements. It is worth noting that, as explained
in Appendix D, a more detailed analysis can be made
with more information, achieving a scaling of t
1/4
tot for
the signal-to-noise (SNR) at periods longer than the co-
herence time; however with the currently available data,
there is no SNR improvement after reaching tcohere.
The technical procedure we use to derive our con-
straints is described in the Appendices, with the final
procedure found in Appendix F. Our results for the con-
straints on the ALP-neutron and ALP-electron couplings
are shown as blue shaded regions in Figs. 3 and 4, respec-
tively.
In Fig. 3, the region labeled as ‘long-range’ repre-
sents the merging of two separate bounds from the non-
observation of new long range interactions [40, 53]. The
‘νn/νHg’ region is excluded from not measuring anoma-
lous fields in a system of mercury atoms and free neu-
trons [62], and the ‘CASPEr (ZULF)’ region is excluded
by the phase I run of this low-frequency NMR experi-
ment [55]. The bound from the CASPEr ZULF comag-
netometer experiment is presented as the ‘CASPEr (co-
mag.)’ region [39].6 The ‘neutron star’ and ‘SN’ shaded
regions indicate the stellar constraints from neutron star
cooling [56] and supernova SN1987a [57]. The ‘meson’
shaded region is a model-dependent constraint, arising
from the new decay channels that axions would intro-
duce in meson decays [58]. The dotted orange, the dashed
magenta, and the dot-dashed red curves show our future
projections, as explained in the next section.
In Fig. 4, the ‘white dwarfs’ and ‘solar axions’ shaded
regions indicate astrophysical constraints coming from
the new cooling mechanism axions would introduce in
white dwarfs [61], and the non-observation of solar ax-
ions by the LUX experiment [60], respectively. The
‘long-range’ region presents with the bound from look-
ing for long-range spin-dependent interactions [59]. The
magenta dashed curve shows our future projections of a
dedicated comagnetometer experiment, as explained in
the next section.
As is evident, for ALP-neutron couplings, our new de-
rived bounds from old data provide the strongest terres-
trial constraints to date over a broad range of masses,
providing a complementary probe to stellar constraints.
6 We note that the CASPEr ZULF comagnetometer is concep-
tually similar but different to the noble-alkali comagnetometer
discussed in this paper. Much like the experiment that produced
the νn/νHg line presented in Fig. 3, it measures the frequency
induced by anomalous fields in two different spins, 13C and 1H
in this case – however they are not strongly coupled as in the
case of the noble-alkali comagnetometer presented in this paper.
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FIG. 3. Constraints and projected reach for ALP-neutron couplings. The shaded blue regions represents the 95% C.L. bounds
derived in this paper from datasets I [40], II [41] and III [42]; the bound derived from dataset II continues to arbitrarily small
ALP masses. The shaded ‘long-range’ region comes from the non-observation of deviations from the gravitational 1/r2 at short
distances [53], together with the bound from long-range spin-dependent interactions [40]. The ‘νn/νHg’ shaded region comes
from Ref. [54], which compared the effect of anomalous DM axion fields on Hg and neutrons. Similarly, the ‘CASPEr (comag.)’
region is excluded by the non-observation of the effect of anomalous DM axion fields on 1H and 13C [39]. The ‘CASPEr (ZULF)’
shaded region indicates the phase-I bound of that experiment [55] which looks for anomalous fields by utilizing NMR methods.
The ‘neutron star’ band indicates the constraints from neutron star cooling considerations [56]. The ‘SN’ band depicts cooling
bounds from supernova SN1987a [57]. The ‘meson’ band is the model-dependent bound from searching for invisible meson
decays [58]. The dashed magenta, dotted orange and dot-dashed red curves indicate future reach of our proposed improved
experimental setups; for further details, see main text.
Moreover, our derived bounds even surpass stellar emis-
sion constraints over a decade of ALP masses. Further
improvements and deep reach into unchartered param-
eter space should be made possible with future experi-
mental improvements, as we now detail.
VII. FUTURE IMPROVED EXPERIMENTS
The concept of the alkali-noble comagnetometers ex-
ists for over a decade and shows great promise, however
relatively little work on the topic discussed here has been
performed. We now outline several possible directions for
future improvement, which could enhance the sensitivity
of these systems to relic ALPs. We describe three real-
istic experimental setups for improved sensitivity. The
Hot Vapors Laboratory of the Quantum Optics Center
in Israel is currently building two comagnetometers that
will implement some of the ideas presented below. Our
projected sensitivity curves for these realistic future ex-
perimental setups are depicted by the dashed curves in
Fig. 3 and Fig. 4.
A. Dedicated DM Search
The simplest way to improve the bounds extracted in
this paper is to improve the detector and by performing
specific analysis for DM. The expected reach is shown by
the dashed magenta curves in Fig. 3 and Fig. 4. The pre-
dicted constraint realistically assumes a 30-day dedicated
run with an O(10) improvement in the signal-to-noise ra-
tio (SNR) of the detector compared to Ref. [40], i.e. as-
suming 1.4 picoG/
√
Hz noise spectrum density. We fur-
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FIG. 4. Constraints and projected reach for ALP-electron couplings. The shaded blue regions represent the 95% C.L. bounds
derived in this paper from datasets I [40], II [41] and III [42], the third of which continue to arbitrarily small ALP masses.
The shaded ‘long-range’ region represents the constraint from searching for new long range interactions [59]. The shaded ‘solar
axions’ region is excluded by the solar axion search of the LUX collaboration [60]. The shaded ‘white dwarfs’ region is excluded
by considering the effects axions would have on white dwarfs as a new cooling mechanism [61]. The magenta dashed curve
describes the future reach of an improved comagnetometer setup we propose; see main text for further details.
ther assume the noise to increase by an order of magni-
tude at the lower frequencies. We have assumed a mod-
erate increase in the polarization of the helium atoms,
leading to a compensation frequency (ωc ≡ γHeBc) of
100 Hz, as well as a small increase in the alkali decay
rate (Re/q ∼> ωc = 100 Hz). As discussed in Appendix B,
when the frequency of the anomalous fields, ω, increases,
the sensitivity of the detector decreases as a function of
ω/(Re/q) and ω/ωc. In this neutron-ALP interaction
projection, we have therefore taken the SNR of the de-
tector to linearly decrease after reaching 100 Hz. For the
electron-ALP interactions, the loss of sensitivity is less
steep, and we have therefore neglected this effect. All of
these improvements rely on advanced techniques which
are currently being tested.
One of the detectors being built has two probe beams,
and it is planned to implement a control measurement
(e.g. by exiting the compensation point for short inter-
vals during which sensitivity to noise from magnetic fields
is present). We believe that our background subtraction
can introduce significant additional improvements com-
pared to what is currently shown in Fig. 3 and Fig. 4.
We also expect to be able to have a marginal improve-
ment at times longer than tcohere, that scales as
4
√
ttot,
as discussed in Appendix D. Ref. [40] has already shown
that even a partial control measurement can introduce an
O(10) improvement for some frequencies, and it is there-
fore likely that the final reach of such an experiment could
be even greater than that presented here.
An additional improvement is expected through com-
plete 3D knowledge of directionality of the measured
anomalous field. Since the directional properties of the
experimental noise are currently unknown, we do not in-
clude potential improvement from a directional search in
our projected reach. Techniques to measure the entire
3D vector of the anomalous field are, however, currently
being studied and will enable the complete knowledge of
the ALP field directionality. If a sharp peak is found at
some frequency, directional detection schemes in different
laboratories would allow testing whether the measured
signal is sourced out of earth, which will inform us in the
question of its DM origin.
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B. Change of Atoms
While the 3He-K comagnetometer can achieve strong
bounds on the interactions between ALPs and neutrons,
it cannot probe ALP-proton interactions due to the ab-
sence of a proton component in the 3He spin (see Ap-
pendix E for further details). Changing the identity of
the atoms the comagnetometer can not only affect the
sensitivity but also further enable the probing of the
ALP-proton coupling, which can be much larger than
the ALP-neutron coupling [63].
Several options for variations in the atoms exist. One,
currently under study, is the use of 21Ne as an alterna-
tive to 3He. A second, more readily available is the use
of a Xenon isotope, 129Xe or 131Xe, paired with Rb alkali
atoms. The Xe-Rb interactions trigger a large relaxation
rate for the rubidium. As a consequence, in order to reach
reasonable polarizations, a cell with xenon isotopes must
have a significantly lower pressure compared to a cell with
3He atoms. Since the noise cancellation is also sensitive
to the density of the noble gas, δB/Bc ∝ 1/nnoble, this
would naively impede the cancellation. However, the in-
teraction of the Rb and Xe is about O(100) stronger than
that of K and 3He, and additionally the pumping of the
Xe isotopes can reach O(10%) polarization compared to
the O(2%) polarization of the 3He atoms. Thus an order
of magnitude increase in the compensation frequency can
be expected.
The decay rate of the electronic spin is increased by
orders of magnitude compared to the 3He-K comagne-
tometer, which would naively suppress the signal as can
be seen from Eq. (4). However, the leading order con-
tribution from magnetic noise is suppressed by the same
factor, so the SNR due to magnetic noises is unaffected.7
Depending on the precise origin of the detector noise—
whether sourced by SM magnetic fields or something else,
such as noise in the lasers—this suppression of both sig-
nal and noise may or may not fully canceled. For this
reason, we use a conservative projection assuming that
the detector will experience a constant spectral density
noise of 0.1 nG/
√
Hz. As in the dedicated DM search
case, the increase in compensation field and decay rate
has been translated to the dynamical suppression factors
discussed in Appendix B appearing at higher frequen-
cies compared to the existing experiments analyzed here.
For the assumed ωc = 1 kHz this translates to a linear
decrease in the sensitivity starting at ma = 1 kHz.
Our projection is shown by the orange dotted curve in
Fig. 3. The noise of the detector at low frequencies is
extremely hard to predict and thus the projected bounds
7 The leading contribution for magnetic noise from oscillating mag-
netic fields is presented in Appendix B, Eq. (B2). However, the
magnetic noises stemming from inaccurately tuning the system
to the compensation point also scale as 1/Re. The derivation of
these corrections are beyond the scope of this paper, and their
description can be found in Refs. [40–42].
are given for masses ma > Hz. Once again we assume
a 30 day run period. The reach of the Xe-Rb comagne-
tometer described here can also be cast for ALP-proton
couplings, with similar sensitivity to the ALP-neutron
ones, thus providing a complementary probe. The sen-
sitivity of this detector to ALP-electron interactions are
not-competitive with existing bounds and are therefore
not shown. Finally, we comment that the Xenon detec-
tor may be further improved by the simultaneous use of
two Xenon isotopes, as will be demonstrated in future
work [64].
C. Long Range Spin-Dependent Interaction Search
In the experiment of Ref. [40]—whose data was ana-
lyzed in this work—a helium-potassium comagnetome-
ter is used to measure long-range spin-dependent inter-
actions via an independent sample of highly polarized
3He gas, placed in proximity to the detector. This is
equivalent to searching for the effective anomalous field
generated by the highly polarized source of 3He. In this
case, however, the interaction is only modulated if the
directionality of the source sample is modulated, giv-
ing control over the frequency of the sought signal. A
future improved long-range spin-dependent interaction
search would enable significant reach into ALP param-
eter space. We note that this experiment probes the ex-
istence of ALP interactions regardless to whether they
are a component of DM or not.
The O(10) improvement in the SNR of the planned fu-
ture K-3He comagnetometer would give anO(3) improve-
ment on the bounds. Changing the geometry can further
enhance the reach. A factor of O(10) improvement on
the bound can be achieved by placing the sample source
at a distance of 10 cm from the center of the comag-
netometer, rather than the 50 cm distance of Ref. [40].
The specialized detector currently being built is much
smaller than that of Ref. [40] and should thus allow for
this close placement of the source sample. Such a setup
would then allow to probe masses a factor of 5 heavier
than those probed in Ref. [40].
A final further planned improvement, which should
yield an additional enhancement of reach by a factor of
O(20), is the use of xenon in one of its non gaseous phases
(xenon ice, liquid xenon, or xenon snow) as the source
material. By taking a cell of 5 cm radius filled with
non-gaseous xenon, with an achievable polarization of
50%, a substantially increased amount of polarized spins
can be obtained. We note that the typical constructed
cells of such polarized material are usually much smaller
than this. However, Ref. [32] has discussed the use of
such cells in one of their future phases, and cells of size
300 mL (oddly shaped, but close in volume to a 5 cm ra-
dius spherical cell), have already been used in Ref. [65]
with 34% polarization of Xe (though since the thawed gas
is said to lose about 50−80% of its initial polarization, we
expect substantial improvement is possible in the absence
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of thawing). The greatest challenge of using the existing
cell technology is that these cells are commonly housed in
strong magnets which could ruin the comagnetometer’s
shields, making the placing of the comagnetometer 10 cm
away from the anomalous spin source a challenging task.
Preliminary investigation however implies that these is-
sues may be solved in the future, and our projected reach
for this future experiment are shown by the dot-dashed
red curve in Fig. 3. We note that this type of experiment
has no independent sensitivity to gaee.
VIII. SUMMARY
Comagnetometers present an innovative and under-
utilized avenue to probe ultra-light ALPs. With cur-
rent setups far from optimization, and sensitivity span-
ning many decades of ALP masses, down to fuzzy dark
matter [66–68] masses of O(10−22 eV), comagnetometers
hold great promise to detect relic ALPs. In this pa-
per we have presented the foundation to enable current
and future searches using comagnetometers to constrain
and detect such ultra-light ALPs. Using publicly avail-
able partial comagnetometer data, we are able to place
meaningful constraints on ALP couplings to neutrons and
electrons, including, in the case of ALP-neutron interac-
tions, the strongest terrestrial constraints to date over
a broad range of masses, demonstrating the power of
our approach. With future improvements to the exper-
imental setup—the implementation of which is already
underway—many different and interesting searches can
be performed, with prospects to cut deep into unchar-
tered ALP parameter space in the near future.
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Scale Ref. [40] Ref. [41] Ref. [42]
ΓK 63 Hz 79 Hz 68 Hz
ωK −24 Hz −19 Hz −48 Hz
ωHe −110 Hz −32 Hz −53 Hz
ωK−He 260 kHz 330 kHz 230 kHz
ωHe−K 9.8 mHz 1.9 mHz 11 mHz
ωfast −4.2 Hz −13 Hz −13 Hz
ωslow −130 Hz −38 Hz −88 Hz
Γfast 53 Hz 72 Hz 36 Hz
Γslow 10 Hz 7 Hz 32 Hz
TABLE II. The important scales which appear in Eq. (A3),
calculated using the values of Table I. The −Γfast +
iωfast,−Γslow + iωslow are the eigenvalues of the matrix in
Eq. (A3). The “fast” (“slow”) subscript corresponds to the
mode that far from the compensation point was the alkali
(noble) spins’ mode.
Appendix A: Detailed Derivation of the
Comagnetometer’s Steady State Behavior
This appendix delves into the detailed description of
the comagnetometer’s steady state equations, leaving the
time-dependence of the system to Appendix B. Our goal
is to present some of the details of the derivation of
Eqs. (1) and (2), and then discuss the derivation of
Eq. (4).
The spin of each individual potassium atom is com-
posed of an electronic spin-1/2 and a nuclear spin-3/2
configurations. As a consequence, the Bloch equations
which describe the spin degrees of freedom as 3-vectors,
cannot be naively used, and a more complex density ma-
trix formalism seems necessary. To simplify the situa-
tion, it is possible to integrate over the nuclear degrees
of freedom to reach an effective spin-1/2 system which
then allows one to use the Bloch equations with some of
the constants modified to account for the integrated-out
degrees of freedom. This is precisely the method used
to arrive at Eq. (1) (and similarly, Eq. (6)), with q, the
slowing down factor encapsulating the nuclear degrees of
freedom. Generally, Re is not isotropic, and there is a
much faster decay rate in the directions perpendicular
to the magnetic field, however, in the so called SERF
regime which we are working in, this anisotropy can be
neglected [69]. Finally, the 3He are spin-1/2 atoms with
their spin stemming entirely from the neutron in the nu-
cleus [70], and thus the Bloch equations are immediately
applicable for them.
Let us consider approximate solutions to Eqs. (1),(2).
Six degrees of freedom are at play: 3 from SK, and 3 from
SHe. In standard operating procedure, all of the magnetic
fields (external, as well as those induced by the atoms
on each other) are approximately aligned with the zˆ di-
rection, (which is the pump beam direction as well), so
there are no transverse polarizations. As a consequence,
at leading order there are only 2 degrees of freedom, cor-
responding to the zˆ polarizations. Moreover, after time
t ∼ (3/Reffpu), the system reaches a steady state, so that
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at leading order in the misalignments,
S
z(0)
K =
Rpu
2Re
, (A1)
S
z(0)
He =
Reffpu
RHe +Reffpu
· Rpu
2Re
. (A2)
As can be seen in Eqs. (1),(2), the next order cor-
rections would only contribute to the transverse compo-
nents, as the leading effect of a misalignment is to rotate
the spins without changing their absolute value, i.e. we
expect S⊥(1) ∼ Sz(0) ·sin(θ), with θ representing the mis-
alignment, while the longitudinal component receives no
correction to order O(θ).
We may thus conclude that the first order equations
have four real degrees of freedom corresponding to the
four transverse components. These equations can be
written more compactly by complexifying a general 3-
vector v = (vx, vy, vz), writing it as vC = vx + ivy, and
vz instead. The first order equations for the transverse
components can therefore be written as a 2 × 2 linear
ordinary differential equation with constant coefficients
and inhomogeneous terms,(
S˙CK
S˙CHe
)
=
(
iωK − ΓK −iωK−He
−iωHe−K iωHe
)(
SCK
SCHe
)
−
(
iγeS
z(0)
K
q B
C
iγHeS
z(0)
He B
C
)
−
(
iS
z(0)
K b
C
e /q
iγHeS
z(0)
He b
C
n/γn
)
.
(A3)
Here ωK = γeB
z/q+2γeλµHeS
z(0)
He /q and ωHe = γHeB
z+
2γHeλµKS
z(0)
K are the precession frequency of the trans-
verse components around the zˆ direction for the potas-
sium and helium atoms’ spins respetively. ΓK = Re/q
is the time scale typical for a precession of the potas-
sium atoms’ spins to decay. The off diagonal term
ωK−He = 2γeλµHeS
z(0)
K /q (ωHe−K = 2γHeλµKS
z(0)
He ) rep-
resents the rotation of the zeroth order zˆ potassium (he-
lium) polarization around the magnetic field generated
by the transverse helium (potassium) polarization. The
inhomogeneous terms come from the rotation of the ze-
roth order zˆ polarizations around the small transverse
magnetic and anomalous fields. The typical values for the
scales presented in this equation can be found in Table II.
In the above, all terms proportional to the timescales
RHe, R
eff
pu were neglected as they are much slower than
any other relevant rate. Additionally, anomalous fields
in the zˆ direction were neglected as they are significantly
smaller than the external magnetic fields at play along
this direction.
The goal of the detector is to measure the transverse
anomalous fields, and Eq. (A3) implies that the trans-
verse magnetic fields have a similar effect on the po-
larizations and therefore act as background. However,
because the terms are not exactly the same, and the de-
tector only measures the potassium’s spin, by tuning the
magnetic fields along the zˆ direction, it is possible to
greatly decrease that background. To see this, let us
consider the limit bCn = b
C
e = 0. The steady state solu-
tion, S˙CK=S˙
C
He = 0, then implies that independently of
the size and direction of the transverse magnetic fields,
if
Bz = Bc ≡ −2λµKSz(0)K − 2λµHeSz(0)He , (A4)
then SCK = 0. In other words, if the external magnetic
field’s zˆ component is tuned to Bc, then transverse mag-
netic fields have no first order effect on the steady-state
transverse potassium polarization. When the system is
in the state where Bz = Bc, it is said to be in the com-
pensation point.
We note here that away from the compensation point,
the sensitivity to non-anomalous transverse magnetic
fields is restored. For this reason, magnetic shielding
is crucial, allowing for the stabilization of the system
around that point. We also note that as explained in
section 3 of Ref. [42], the µ-metal shields used in such
systems do not shield anomalous fields.8
At the compensation point, the sensitivity to constant
anomalous fields is easily found by taking the steady state
condition again, S˙CK = S˙
C
He = 0, and solving for S
C
K and
SCHe, one finds
SCK =
iS
z(0)
K
Re
(
γe
γn
bCn − bCe
)
, (A5)
SCHe = −
γnB
C + bCn
2γnλµHe
− µK
µHe
iS
z(0)
K
Re
(
γe
γn
bCn − bCe
)
,(A6)
where we only took the leading order in 1/Re which is the
fastest rate in this setup. Note that Eq. (A5) is equivalent
to Eq. (4) from the main text, up to notation. From the
above one sees that indeed the alkali’s transverse magne-
tization is insensitive to the external magnetic field, while
that of the helium-3 is (thereby allowing the cancelation
in the alkali system).
Appendix B: The Dynamical Response of the
Comagnetometer
Our goal is to understand the dynamical response of a
system described by Eq. (A3). When an anomalous field
is rapidly oscillating, the spins in the system are unable
to follow the changes sufficiently fast, and therefore the
signal is suppressed. Additionally, at the compensation
point, the nuclear spin must follow the outside magnetic
field in order cancel the total magnetic field felt by the
alkali. This does not occur for a rapidly varying field and
8 In short, µ-metal magnetic shields do not respond to bn, while
their response to be generates an oppositely directed magnetic
field, which a comagnetometer tuned to the compensation point
would be insensitive to.
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as a result, the alkali spins will be affected by the exter-
nal magnetic fields, implying a subpar noise cancellation.
It is thus clear that the dynamical response to changing
fields is crucial, and in this appendix we explain how the
effects of abrupt changes and oscillating fields on the co-
magnetometer can be calculated, summarizing the main
results of the calculation.
The solution to a linear non-homogeneous 2× 2 ODE
such as Eq. (A3) is composed of homogeneous and inho-
mogeneous contributions. In the steady-state limit and
after a sufficiently long time (compared with the inverse
decay rate of the system to be discussed below), the ho-
mogeneous solution is exponentially small and the system
is described by the inhomogeneous contribution, which in
our case is controlled by the (possibly oscillating) fields.
We stress that near the compensation point, and for low
magnetic frequencies, this part of the alkali’s solution is
insensitive to the non-anomalous fields (see Eq. (A5); for
higher frequencies to be discussed below, this is no longer
true, however our treatment here of abrupt changes in
the fields remains intact). Conversely, before reaching
the steady-state regime, the homogeneous solutions, de-
termined by initial conditions, play an important role.
Time dependence in the system therefore enters in two
distinct manners: (i) abrupt changes drive the system
away from the steady-state solution and can be described
via initial conditions which alter the homogeneous solu-
tions and (ii) oscillatory fields, the response to which is
described within the steady-state regime, and shows up
in the inhomogeneous part of the solution. We now dis-
cuss each of these contributions separately.
1. The Homogeneous Solution: Response to
Abrupt Changes
Relevant abrupt changes in the comagnetometer sys-
tem would appear as sudden variations in the non-
anomalous transverse magnetic fields, which show
up in the first inhomogeneous terms of Eq. (A3).9
Such changes keep the compensation point intact [see
Eq. (A4)], however at short time scales, the helium-3 is
too slow to align with the new magnetic fields and hence
its influence on the alkali (through an induced magnetic
field) does not cancel external magnetic field. During
this time, the system is susceptible to these fields and
the sensitivity to anomalous fields is impaired.
How is the above picture reflected in the solutions to
Eqs. (1) and (2) and subsequently Eq. (A3)? While the
numerical solutions which corresponds to the above dis-
cussion is easy to derive, the analytic solution is rather
cumbersome and non-informative and hence we do not
9 Abrupt changes can also appear in Bz , however these alter the
solution only at next order in perturbation theory, with correc-
tions of order δBz ·B⊥/B2comp.
reproduce it here. Instead let us explain the important
effects in the solution.
As discussed above, sufficiently close to the compensa-
tion point, the inhomogeneous part of the alkali’s solution
(which essentially describes the late-time steady-state be-
havior of the system) is largely independent of the non-
anomalous fields, and therefore sudden changes (typically
relevant in low-frequency magnetic modes) in those fields
can only appear in the homogeneous contribution. This
is not the case for the helium-3, the inhomogeneous so-
lution of which depends on all magnetic fields [Eq. (A6)]
and therefore alter upon a sudden change in the external
fields. Meanwhile, the homogeneous part of the solution
(of both atoms) depends only on the parameters of the
system but not the external fields, however, their coeffi-
cients (describing the most general solution), which are
determined via the initial conditions, may regain such de-
pendence. Since the two magnetometers are coupled (as
is apparent through the non-diagonal terms in Eq (A3)),
the homogeneous solution of the two atoms is not aligned
with the alkali and helium-3 modes. The dependence of
the helium-3 solution on the non-anomalous fields there-
fore influence the coefficients and remains important so
long as the homogeneous solution is not exponentially di-
luted (i.e. before the system reaches steady-state). From
that point of view, the homogeneous part of the solu-
tion entails the system’s ability to respond to the sudden
changes in the inhomogeneous terms.
In the discussion so far, the system was described at
short timescales, before it can reach its steady-state be-
havior. Let us now estimate this timescale. If not for
the coupling of the two spin ensembles, there would be
two distinct modes, one for the alkali and one for the
noble gas. The rate with which the noble gas’s mode
decays in such a case is longer than that of the alkali
by many orders of magnitude. The interaction between
the atoms mix the two spin modes and the resulting
system is described by two new eigen-modes with two
new respective eigenvalues. Since we mostly care about
how long it takes the system to reach equilibrium, it is
sufficient to discuss the slower decay rate, Γslow. Ne-
glecting the rates, RK−He, RHe−K, and RHe (which are
mostly irrelevant in the systems at hand), one finds for
δω ≡ ωK − ωHe  ΓK ,√ωHe−KωK−He,
Γslow ' ΓK
δω
· ωHe−KωK−He
δω
. (B1)
The above is only an order of magnitude smaller than the
(mostly) alkali mode’s decay rate in typical systems for
which ΓK ' √ωHe−KωK−He. We point out that at the
compensation point, the higher order corrections in 1/δω
can become important. While highly dependent on the
precise details, one often finds the two eigenvalues’ real
values to be of the same order of magnitude (see Table II
for the values for Refs. [40–42]).
As an example to why the above discussion could be
important, consider the case of Ref. [42]. In Ref. [42], the
detector changes its direction every few seconds. Sud-
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den changes in the magnetic fields are then expected
due to possible field penetration as well as inner thermal
noise of the magnetic shields. If the rate with which the
system reaches equilibrium after each rotation is slower
than the rate of rotations, the system never converges to
its steady-state behavior. As a result, the homogeneous
terms proportional to the magnetic fields can add signif-
icant contributions to the signal. Under realistic labora-
tory conditions, and even without such a clear interven-
tion in the detector’s environmental conditions, sudden
changes in the magnetic fields occur, and unless the de-
tector’s response-time is fast enough, they can impair the
measurements. Fortunately, since Γslow ' 10 Hz, abrupt
changes are treated rather efficiently in the systems stud-
ied here.
2. The Inhomogeneous Solutions: Response to
Oscillatory Fields
Let us now discuss the steady-state response of the
system to high-frequency magnetic fields. The inhomo-
geneous solutions have three contributions. The first two
are from the electron anomalous field and the nuclear
anomalous field. These terms relate the alkali’s spin mea-
surement to those anomalous fields. The third contribu-
tion will come from oscillating magnetic fields. It is this
that dictates the system’s ability to cancel noise at a
given frequency of oscillation.
Unlike the homogeneous solutions, whose frequency is
determined by the linear system’s parameters, an inho-
mogeneous term with a certain frequency will only induce
an inhomogeneous solution of that frequency. As can be
seen from Eq. (A3), an important change in the pres-
ence of an oscillating field with a frequency ω, is that
the steady-state solution is no longer found by taking
S˙CK = S˙
C
He = 0, but rather S˙
C
K = iωS
C
K, and S˙
C
He = iωS
C
He.
Much like in the case of the homogeneous solutions, the
actual results are easy to calculate, but have cumber-
some formulas. Nonetheless, close to the compensation
point, and neglecting RHe−K, RK−He, RHe, one finds the
approximate closed form solutions,
SCK(ω) =
P1(ω)b
C
e + b
C
n − ωγnB
C
2γHeλµHeS
z(0)
He
P2(ω)
, (B2)
SCHe(ω) =
γHeS
z(0)
He
ω − 2γHeλµHe
(
bCn
γn
+BC + 2λµKS
C
K
)
. (B3)
Here SCK,He(ω) are the inhomogeneous contributions of
the fields BC = BC(ω)eiωt, bCn = b
C
n(ω)e
iωt, bCe =
bCe (ω)e
iωt. And P1(ω), P2(ω) are polynomials of degree
one and two, and using the notations of Eq. (A3),
P1(ω) = −γn(ω + ωHe)
γeωHe
, (B4)
and
P2(ω) =
γn ((ω + ωHe)(ω + ωK + iΓK)− ωHe−KωK−He)
γHe · ωK−He · Sz(0)He
.
(B5)
Note that due to the ALP field oscillating as cos(mat+θ0)
with θ0 an unknown phase, the negative and positive fre-
quencies are mixed, and therefore the final dependence on
the ALP field will be a symmetrized version of Eqs. (B2)
and (B3).
While it is not yet entirely known what governs the
noise spectrum of the comagnetometer at low frequen-
cies [40–42], at higher frequencies (usually ω ∼> ΓK or|ω| ∼> |ωc| ' |ωHe|) there are reasons to believe that
magnetic noise is the dominant factor. Eq. (B2) shows
that such magnetic noises would enter the (measured)
alkali’s magnetization and thus one can approximate the
ω-dependence of the signal-to-noise ratio due to sup-
pressed response to ALP-neutron (ALP-electron) inter-
action, by dividing the coefficient of bn (be) with that
of B in Eq. (B2). The conclusions is therefore that for
ALP-neutron interactions, we expect an approximately
linear decrease in the signal-to-noise sensitivity for high
frequencies (the ratio is ∝ 1/ω), while we do not expect
such a decrease for ALP-electron interactions [the ratio
is ∝ P1(ω)/ω ∼ O(ω0)].
Appendix C: Effects of Signal Directionality
Here we discuss in detail the procedure for treating
signal directionality. For the datasets used in this pa-
per, Refs. [40–42], a simplified treatment sufficed (see
Appendix F), however here we lay the groundwork for
the formal treatment of velocity directionality, which will
be relevant in the future with new independent high-
resolution data.
The data in Refs. [40, 42] is given in the form of Eq. (9)
(the data of Ref. [41] is given in a similar, yet not identical
form). The directional dependence on the relative ALP
velocity is immediately seen, but the problem is that the
relative velocity of the ALPs with respect to earth is
highly model dependent [52]. In fact, different models
can also change the local DM density significantly. To
be able to reach constraints, we compare the data to a
theoretical prediction from the simple model where all
ALPs have |v| = 230 km/sec, ρDM = 0.4 GeV/cm3, and
we take the root of the mean square over the possible
directions.
Under these assumptions, we look at the result of plug-
ging the anomalous field implied by the Hamiltonian of
Eq. (7) in the integrand of Eq. (9). We find that
|A(ω)|2 = c
∣∣∣∣∫ ttot
0
dt cos(Eat+ θ0)e
iωt (vˆ · σˆ(t))
∣∣∣∣2 , (C1)
where we took the square of the absolute value of the
amplitude as we are interested in root mean square
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over different parameters such as the relative veloc-
ity’s direction and initial phases. We defined c ≡
2ρDM|v|2g2aNN/(γ2nttot/(2pi)), in order to make the equa-
tions more tractable. ttot is the total measurement time.
Ea is the ALP energy, and because the ALP is non-
relativistic, Ea = ma + mav
2/2 ' ma (we will address
the importance of deviation from that assumption in Ap-
pendix D). σˆ is the sensitive direction of the detector. We
allowed an initial phase of θ0 which we will average upon
later.
The measurement itself is of the change of polarization
in the probe beam behind the cell, rather thanbn · σˆ, and
while the change of polarization is proportional to SxK
(which is proportional to bn · σˆ), there are calibration
factors. These factors are measured individually by the
different experiments, with the data given after calibra-
tion. The calibration is done by checking low frequency
response, and therefore at higher frequencies, a correction
is necessary, as was discussed in Appendix B. However,
for this appendix, we shall assume that the data given
is after the necessary additional corrections were made
to correct for the higher frequencies – and thus Eq. (C1)
can be assumed as the signal we are given.
To find σˆ let us use the coordinate system where zˆ′
is the direction of earth’s rotation axis. We define the
x′ − z′ plane so that at t = 0, the observer of an exper-
iment on earth is described by (R⊕ sin(θ), 0, R⊕ cos(θ)),
where R⊕ is the earth’s radius, and the observer’s lat-
itude coordinate is pi/2 − θ. At time t, the observer’s
position is therefore,
r(t) = R⊕(sin(θ) cos(ΩSDt), sin(θ) sin(ΩSDt), cos(θ)),(C2)
with ΩSD ' 2pi/day as the sidereal day frequency.
For the experiments of Refs. [40, 41], the detector’s
sensitive direction was ‘up’ (the direction of gravity), so
that for that case,
σˆ1 =
(sin(θ) cos(ΩSDt), sin(θ) sin(ΩSDt), cos(θ)).
(C3)
For the experiment of Ref. [42], the detector’s sensitive
direction alternated between the North-South (NS) di-
rections to the East-West (EW) directions every few sec-
onds. Thus, from the second experiment, we have a low-
frequency measurement of two different σˆ,
σˆNS2 =
(cos(θ) cos(ΩSDt), cos(θ) sin(ΩSDt),− sin(θ)) ,
(C4)
for the NS measurements, and
σˆEW2 = (sin(ΩSDt),− cos(ΩSDt), 0) , (C5)
for the EW measurements.
Next, for each of the three directions we plug the
appropriate direction from one of the three equations
Eq. (C3),(C4),(C5), in Eq. (C1), with a general direc-
tion vˆ = (sin(θv) cos(φv), sin(θv) sin(φv), cos(θv)), where
θv, φv are parameters over which we will now average.
For any of the three directions, the resulting averaged
signal squared would have the form
< |Ath(ω, σˆ)|2 >θv,φv,θ0=
c ·
6∑
i=1
ai(σˆ)sinc
2((ω − ωi)ttot/2),
(C6)
where the coefficients ai(σˆ) do not depend on the fre-
quencies or the mass, and are in fact only dependent
on σˆ(t = 0). The frequencies ωi have six possible val-
ues, the sum of one of the two {ma,−ma} with one of
the three {ΩSD,−ΩSD, 0}. This form is reasonable, as
when ttot →∞ these terms become delta functions (up to
normalization), and as we did not yet include the veloc-
ity smearing that shall be discussed in Appendix D, the
ALPs are indeed infinitely sharp in the frequency range
– albeit possibly shifted due to the earth’s rotation.
We finally note that due to Eqs. (B2), (B3), the dif-
ferent frequencies would have different amplitude due to
the system’s dynamic response. However, as the scale in
which the amplitudes change is much larger than ΩSD,
that change can be neglected. The effect of the difference
between the positive and negative frequencies is also not
important as the field carries an unknown phase which
we average, leading the final effective suppression due to
finite response time to be symmetric with respect to the
mass. Though we have not presented the derivation here,
it can easily be obtained by inserting the suppression due
to finite response and then averaging, resulting with only
a very mild effect on the results.
Appendix D: Effects of Signal Incoherence
As we move in the galactic plane, we go through spatial
gradients in the ALPs field [71]. While there is debate in
the astrophysics literature as to the size of these gradi-
ents, here we take the conservative approach of Ref. [72],
taking the typical scale of these gradients to be the De-
Broglie wavelength of the ALPs, 2pi/mav. This gives rise
to a coherent time of τa = 2pi/(mav
2) ' 107/ma. This
coherence time can alternatively be thought of as the re-
sult of the spread in the energies of the ALPs field due
to the spreads of velocities [32]. 10
If a data-taking session is shorter than the coherence
time, we assume that the signal is entirely coherent
throughout the measurement, and therefore we expect
the signal to scale with ttot, the measurement time, while
10 Since the ALP kinetic energy is 1
2
mav2, some authors use
τa = 2pi/(mav2/2), which is twice as long as the coherence time
we use. Our shorter coherence time is conservative, and coin-
cides with Ref. [73] which shows that τa = 2pi/(mav2) gives
the correct frequency spread from Doppler broadening consider-
ations. Regardless, since the bounds depend only weakly on the
exact coherence time, this factor of 2 does not affect the results
significantly.
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the random noise will scale as
√
ttot, giving rise to SNR
[for S(ω)] that scales as
√
ttot. This is why the data of
Fig. 2 is given in the seemingly odd units of Gauss/
√
Hz.
It is therefore expected that even if ttot is increased, the
noise spectrum will look the same, while any contribution
of the signal will peak over the noise as ttot increases.
However, if a data-taking session is longer than the
coherence time, this must be accounted for. Following
Ref. [71], if we assume that ttot = nτa, this implies adding
in quadratures n coherent measurements of length τa,
which would give a signal in frequency ma that improves
as
√
ttot · τa. This would imply that after the coherence
time, there is no longer an advantage in taking longer
measurements (as the signal to noise ratio no longer in-
creases for ttot > τa). In a dedicated experiment, as
explained in Ref. [71], and in analogy to the prescribed
procedures of Ref. [74], it can be possible to increase sen-
sitivity even after the coherence time passes. However,
since the data analyzed in this paper was not given with
sufficient resolution and has gone through several pro-
cessing procedures, we have assumed that the sensitivity
does not improve for measurement time larger than the
coherence time.
In the case of Ref. [40], we are given data that were
averaged from multiple measurements. Since we may as-
sume the different measurements to be incoherent with
respect to each other, they must be added in quadratures.
The way to treat this correctly depends on the exact way
the given data was calculated. It is however understood
that when the coherence time is shorter than all different
measurement times, adding the incoherent measurements
becomes equivalent to a single measurement. We have as-
sumed that the signal in each measurement of total time
ti improved as
√
ti ·min(ti, τa), while the noise grows as√
ti, and that the noise and data of the different measure-
ments are added in quadratures. We have also assumed
the different measurements have the same signal spectral
density. Checking similar alternative procedures yields
O(20%) changes in the final bound.
Appendix E: Effects of Nuclear Structure
Nobel Gas Nuclear Structure. In this paper we
have assumed that the spin of the 3He is entirely com-
posed of the neutron, as is explained in Ref. [70]. How-
ever, Refs. [40–42] claim there is a calibration factor of
0.87 between the neutron spin and the 3He spin. This
10% modification in the sensitivity to ALP-neutron in-
teractions is not as important as the additional claim for
a ∼ 10% contribution of proton spin to the spin of a 3He
nucleus. We have chosen to conservatively assume there
is no proton spin in the 3He, as is claimed in Ref. [70].
If, however, a proton spin exists, the bounds cast here on
the neutrons can be easily converted to bounds on ALP-
proton interaction by a simple calibration factor. Ac-
cording to the claims of Refs. [40–42], this factor would
translate to a weaker bound on gapp by a factor of ∼10.
Alkaline Nucleus. We note that the effect of the
interaction of a nuclear anomalous field with the alkali’s
nucleus is negligible. The effect of this interaction is to
modify the alkali’s energy to have be → be + (q − 1)bn.
Therefore, this correction to the signal from bn will be of
order (q − 1)γn/γe = O(0.01). This could allow to look
for proton-ALP interactions, if there is a proton spin in
the alkali nucleus, but none in the noble nucleus. Note
that the bounds will not have the factor of γp/γe ∼ 1000.
Appendix F: Extracting the Bound from the Data
Thus far we have described several procedures to treat
different effects in Appendices B, C and D. Since not
all are relevant for all datasets we use, here we describe
the exact procedure we have used to extract the bounds
presented in Fig. 2 and in our future projections.
In all datasets, the data available are only partial, so
trying to look for ALPs coming from a specific direction
would be difficult, and therefore the procedure of Ap-
pendix C is used to average over the possible directions.
This implies that an ALP would appear as a measurable
signal at four frequencies (±(ma+ΩSD),±(ma−ΩSD)) for
the EW measurements of Ref. [42], and appear as a mea-
surable signal at six frequencies (±(ma + ΩSD),±(ma −
ΩSD),±ma) for the other 3 datasets we use.
The data in the lower frequencies of Ref. [41] are the
only ones studied here with a high enough resolution to
allow for a curve fitting procedure to the sinc signal pre-
dicted for an ALP. However, since the data of Ref. [41]
are described as a least square fit and not a Fourier
transform, and since their lowest frequencies induce a
far weaker bound than the data of Ref. [42], we have not
attempted to derive the precise shape of an ALP signal
with a frequency which is miss-tuned compared to the re-
ciprocal measurement time. Therefore, throughout our
analysis, bounds where calculated under the approxima-
tion where the squared sinc function is taken to be simply
a correctly normalized delta function.
The data of Ref. [40], and the data at higher frequen-
cies from Ref. [41] are given with a much lower resolu-
tion than ΩSD. In Ref. [40] the data was calculated by
smoothing the raw data with a Hann window, while in
Ref. [41], it is only said that the data is the least square fit
to an oscillating function. The Hann window smoothed
function is as sensitive as a function which has not been
smoothed at the points in which the data is given, while
the sensitivity is reduced at other points. This means in-
terpolating the bound between two data points is not lin-
ear, but dips upwards. Moreover, daily modulations are
averaged upon, and the derived limits vary depending on
whether the Hann window was used before or after taking
the absolute value. This affects the analysis of the data of
Ref. [40] and the high frequency data of Ref. [41] (which
has been either smoothed or sampled with a resolution
that is lower than the natural one). The assumption
used in our analysis was that the averaging was done af-
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ter taking the absolute value, which leads to an isotropic
sensitivity (the prefactors of Eq. (C6) become indepen-
dent of σˆ). We have also linearly interpolated between
the given data points, though as stated here, this inter-
polation should be treated with caution as depending on
the exact processing algorithms used to obtain the data,
it may be inaccurate.
Accounting for the effects of the dynamic response of
the system is rather simple. A given experiment must
calibrate their system in order to know the effect of an
anomalous field on the polarization of the probe laser.
This is typically done by driving the system away from
the compensation point at low frequencies. A measured
change in polarization is then used to extract a given
magnetic field for which the spectral noise density is cal-
culated, as in Eq. (9). Since at low frequencies, the spin
of the alkali is proportional to the anomalous magnetic
field [see Eq. (A5)], one may simply divide the spectral
noise by the spin value and multiply by the corrected
solution at high frequencies, Eq. (B2). Recall, that in
our complexified spin notations, the real and imaginary
values of the alkali spin are both measurable by using
probes at different directions. At low frequencies, P2(ω)
and P1(ω)/P2(ω) (corresponding to the alkali’s magneti-
zation due to an anomalous electron and neutron mag-
netic fields respectively; see Eq. (B2)), are almost purely
imaginary, however at higher frequencies they have a real
contribution as well, leading to sensitivity for ALPs in
the direction parallel to the probe beam. Still, as previ-
ously mentioned, in the high frequency data we do not
study the daily modulation, leading to isotropic sensitiv-
ity, so that we can calibrate with the absolute value of
the prefactors without being concerned.
By fitting to a function that is smeared, the effects of
the ALP incoherence on the SNR which are described
in Appendix D become apparent. However, as no curve
fitting was attempted, the finite resolution of the ALPs
was simply added in the end via multiplying by an in-
coherence factor as described in Appendix D, ensuring
that the bound stops improving after the coherence time
has been reached. For future analysis, however, it was
assumed that once the coherence time has been reached,
the bounds still improve as t
−1/4
tot .
At this point, we have a well defined procedure to ex-
tract the predicted signal from an ALP. What remains
now is to account for the noise in order to find the 95%
C.L. limit for a given ma, and either gaNN or gaee. The
problem here is that unlike the more common cases of di-
rect detection experiments, in these setups, noise may in
fact cancel the signal. Therefore, without any model for
the noise, a specific measurement could be the remains of
a cancellation to an unknown degree between the signal
and the noise.
To solve this problem, we need to understand how
noise can affect the measurement. Assume that the noise
at a given frequency ω, in a given experiment, is with
some unknown amplitude Anoise(ω), oscillating with an
unknown phase. In this case, in order for complete can-
cellation of the ALP signal at the same frequency, A(ω),
to occur, not only do we need A(ω) = Anoise(ω), but also
for the two phases to exactly match. As these two phases
are entirely independent, we expect the relative phase to
be a uniformly distributed random variable between 0
and 2pi. Therefore, for a given Anoise(ω), we can easily
extract the 95% C.L. of A(ω) from the measured ampli-
tude at ω. While we have no way of knowing Anoise(ω),
we simply take the conservative approach and assume the
one that gives the weakest bound. Note that the result is
always bounded from below and for any given Anoise(ω),
the probability to get complete cancellation of signal and
noise is infinitesimal.
The simplistic approach described above is used in the
analysis of the data from Ref. [41], though for the anal-
ysis of the two other datasets, we can do better. The
extension of the previous description to the case of the
Ref. [40] is simple, as we simply account for the fact that
any single frequency is the quadrature sum of several
measurements of the same spectral noise density from
the seven different combined measurements. We assume
the ith measurement has its own unknown Anoise,i(ω),
and take the set of {Anoise,i(ω)}7i=1 that gives the weak-
est bound.
The treatment for the dataset of Ref. [42] is a bit
more complicated. An ALP of mass ma would have
a measurable amplitude at 5 different points of data,
the |ma ± ΩSD| frequencies in both the EW and the
NS searches, and the ma frequency in the NS search.
At each of these frequencies, we have a measurement
of |noise + signal|. A complication arises from the fact
that we do not actually know whether a measurement at
ma + ΩSD, and at ma − ΩSD are independent. The EW
amplitudes have an autocorrelation of ∼ 0.1 for 2ΩSD
spacing, while the NS amplitudes have ∼ 0.6 autocor-
relation for the same spacing. Therefore, while we can-
not be certain that the noise at those frequencies has
uncorrelated phases, as the amplitudes themselves seem
only partially correlated, it seems a reasonable assump-
tion. We therefore find it reasonable to assume that for
the dataset of Ref. [42], we have 5 independent measure-
ments of |noise + signal|, where for each there is a dif-
ferent pre-factor in front of the signal, and a different
amplitude to the noise. From this, we calculate a mean
of all measurements, and the final bound is placed using
the expectation value of that mean.
We note that when analyzing the data of Ref. [42],
the three masses of ma = (0,
1
2ΩSD,ΩSD) require a spe-
cial treatment, since for such cases some of the different
frequencies at which we attempt to find a signal coin-
cide (e.g. for ma =
1
2ΩSD, ma = −ma + ΩSD), or else
we need the zero frequency data which we do not have.
The bound on ma = 0 is taken from the more thorough
analysis on static anomalous fields done by Ref. [42], but
ma =
1
2ΩSD and ma = ΩSD truly do require a more
careful analysis. Given that these masses are not of any
special interest, and the analysis is a simple extension of
the previously described procedures, we do not reproduce
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it here.
Future projections were calculated with a much sim-
pler procedure, since we cannot be sure of the precise
improvements we will have by doing a dedicated analysis
and control measurements. The reach is simply taken as
the sensitivity described in the text, for a single month of
exposure, and under the assumption that the sensitivity
at frequencies higher than the reciprocal coherence time
improves as t
1/4
tot instead of
√
ttot, and that the sensitivity
is decreased linearly for ω > ωc = γHe ·Bc.
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